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SUMMARY 


During  the  first  year  of  the  present  grant,  efforts  have  concentrated  on  examining  the 
effects  of  fuel  molecular  structure  on  soot  formation  in  diffusion  flames.  Studies  involving 
alkane,  alkene,  alkyne  and  aromatic  fuel  species  have  been  studied  with  specific  attention 
given  to  the  surface  growth  process.  Analysis  of  these  studies  has  demonstrated  a  strong  fuel 
structure  dependence  for  the  amount  of  soot  formed,  the  conversion  percentage  of  fuel  carbon 
to  soot,  and  the  soot  particle  surface  area  present  in  these  diffusion  flames.  However,  when 
surface  area  is  taken  into  account,  similar  specific  surface  growth  rate  coefficients  are 
observed  for  all  the  fuels  studied.  These  results  point  to  a  similar  surface  growth  process  for 
all  the  fuels.  Consistent  with  premixed  flame  results,  the  present  studies  show  a  continual 
decrease  in  this  specific  surface  growth  rate  coefficient  with  time.  Other  effects  of  fuel 
structure  observed  include  an  acceleration  of  the  inception  of  soot  particles  to  lower  locations 
and,  thus,  earlier  times  in  the  flame  as  soot  conversion  percentage  increases.  These  results 
also  point  to  the  importance  of  the  initial  particle  inception  process  which  appears  to  control 
subsequent  soot  particle  evolution. 

In  addition  to  these  studies,  significant  progress  has  been  made  in  the  assembly  and 
testing  of  the  experimental  facilities  used  in  these  studies.  Both  atmospheric  and  high 
pressure  diffusion  flame  facilities  have  been  assembled  along  with  the  supporting  laser  light 
scattering  diagnostics.  The  atmospheric  facility  was  utilized  in  the  above  experiments  while 
the  high  pressure  facility  has  recently  been  completed. 


1.  INTRODUCTION 


Recent  interest  in  the  formation  of  soot  in  combustion  processes  has  been  motivated  by 
several  related  developments.  It  is  now  well  recognized  that  future  combustion  systems  will 
operate  with  broader  specification  fuels  under  conditions  of  higher  operating  pressures  and 
stricter  emissions  standards.  Each  of  these  developments  requires  appropriate  optimization  of 
combustion  processes  and  system  performance  capabilities;  increase  soot  formation  represents  a 
major  challenge  in  this  process.  Since  soot  production  has  been  shown  to  have  strong 
sensitivity  to  fuel  properties  and  operating  conditions  (temperature  and  pressure)  [1,2],  it 
would  be  desirable  to  have  an  understanding  of  the  fundamental  processes  governing  soot 
formation  and  subsequent  oxidation.  However,  such  understanding  must  also  be  developed 
under  conditions  which  can  be  directly  extended  to  processes  occurring  in  practical  combustion 
systems.  The  objective  of  the  present  effort  is  to  investigate  the  effects  of  fuel  molecular 
structure  and  operating  pressure  on  the  rates  of  soot  formation,  particle  growth  and  burnout 
in  a  well  characterized  flow  field.  These  results  are  expected  to  provide  an  understanding  of 
the  fundamental  processes  involved  in  soot  formation  under  conditions  which  are  characteristic 
of  practical  combustion  systems. 


2.  RESEARCH  OBJECTIVE 

The  objective  of  the  present  study  is  to  provide  an  understanding  of  the  effects  of  fuel 
molecular  structure  and  operating  pressure  on  the  formation  of  soot  particles  in  combustion 
systems.  These  studies  will  be  carried  out  in  a  series  of  laminar  diffusion  flames  and  require 
extensive  characterization  of  the  particle,  velocity  and  temperature  fields  present  in  these 
flames.  Studies  will  be  conducted  at  both  atmospheric  and  elevated  pressures  in  order  to 
examine  the  effect  of  pressure  on  both  the  formation  and  oxidation  of  soot  particles.  A 
coannular  diffusion  flame  apparatus  is  used  to  study  the  soot  formation  processes  in  these 
gaseous  flames.  The  coannular  burner  has  been  selected  as  the  experimental  burner  because  of 
its  demonstrated  capability  to  produce  stable  flames  over  a  wide  range  of  operating  conditions 
[3,4,5].  Pressure  is  known  to  exert  a  significant  effect  on  soot  particle  formation.  High 
pressure  flame  studies  will  be  carried  out  in  a  flame  facility  assembled  for  this  work  which 
has  the  capability  to  operate  at  pressures  as  high  as  twenty  atmospheres. 

The  effect  of  fuel  structure  is  to  be  studied  by  the  addition  of  aliphatic  hydrocarbons 
(e.g.,  butane,  butene,  butadiene)  and  aromatics  (e.g.,  alkylated  benzenes,  naphthalenes  and 
naphthenes)  in  various  proportions  to  well  characterized  diffusion  flames;  Effects  of  such 
characteristic  compounds  are  examined  using  previously  well  characterized  ethene  and  methane 
diffusion  flames.  These  efforts  can  be  supplemented  with  studies  of  prevaporized  fuels  (e.g., 
pentane,  decane)  and  include  blends  with  characteristic  aromatic  species.  The  effect  that 
temperature  has  on  soot  formation  and  oxidation  will  also  be  investigated  in  these  flames. 

Inert  species  (e.g.,  nitrogen  and  argon)  can  be  added  to  either  the  fuel  or  oxidizer  flow  to 
vary  the  effective  flame  temperature.  Previous  studies  using  this  approach  have  established 
the  strong  sensitivity  of  soot  particle  formation  and  destruction  processes  to  temperature  [4,6]. 
Using  the  measured  particle  volume  fraction,  size  and  number  density,  it  will  be  possible  to 
examine  the  temperature  dependence  of  the  rates  of  initial  formation,  growth  and  subsequent 
oxidation  of  the  soot  particles. 

The  measurement  approaches  stress  the  use  of  non-intrusive  optical  diagnostic  techniques. 
Laser  Msed  techniques,  such  as  laser  light  scattering  and  laser  anemometry,  are  used  to 
measure  physical  properties  of  the  soot  particles  and  to  characterize  the  fluid  velocity  field. 


At  present,  fine  wire  thermocouple  measurements  are  used  to  determine  the  temperature  field. 
As  suitable  non-intrusive  techniques  presently  under  development  become  available,  they  will 
be  applied  to  the  present  studies. 

The  essential  thrust  of  this  research  effort  is  to  obtain  soot  particle  formation,  growth 
and  burnout  rates  using  non-intrusive  techniques  so  as  to  leave  unaltered  the  dynamic  coupling 
of  the  chemical  and  fluid  mechanical  processes.  The  operating  conditions  of  the  flames 
studied  and  fuels  investigated  are  intended  to  be  characteristic  of  the  conditions  to  be 
encountered  in  future  gas  turbine  systems.  The  consideration  of  gaseous  and  prevaporized 
fuels  avoids  the  complications  that  spray  combustion  diagnostics  introduce  to  the  study  of  soot 
formation,  while  preserving  the  consideration  of  realistic  fuel  constituents  in  the  study.  Such 
studies  should  complement  work  being  undertaken  to  elucidate  chemical  precursor  mechanisms 
as  well  as  those  concerned  with  more  global  measurements  of  soot  production  such  as  soot 
mass  yield. 

The  detailed  nature  of  the  results  of  this  study,  as  well  as  the  tractable  nature  of  the 
flame  environment,  will  provide  an  important  addition  to  the  data  base  available  for 
combustion  model  validation.  As  an  approach  to  this  aspect  of  the  problem,  a  concurrent 
modeling  effort  will  be  undertaken  to  consider  coupled  fluid  mechanic  and  chemical  kinetic 
rate  processes  important  to  soot  particle  formation  and  growth..  Our  approach  will  be  to  use 
existing  models  developed  for  conditions  appropriate  for  laminar  diffusion  flames  [7]  and  build 
on  their  capabilities  to  include  the  important  particle  processes  [8].  Particular  attention  will 
be  given  to  incorporating  particle  nucleation,  surface  growth,  coagulation  and  oxidation. 

Efforts  will  also  be  made  to  collaborate  with  modeling  approaches  being  attempted  elsewhere 
[9],  Since  the  proposed  experiments  will  consider  a  range  of  chemical  structures  under 
varying  pressure  and  temperature  conditions,  this  work  will  offer  an  opportunity  for  model 
development  over  a  wide  range  of  conditions. 


3.  ACCOMPLISHMENTS  AND  STATUS  OF  WORK 

During  the  first  year  of  the  present  grant,  progress  has  been  made  in  a  number  of  areas. 
A  brief  summary  of  these  accomplishments  and  current  status  of  the  present  effort  is  given 
below.  This  summary  is  followed  by  a  more  detailed  presentation  of  the  progress  achieved  to 
date. 

Over  the  past  year,  our  research  efforts  have  concentrated  on  assembly  of  the  required 
apparatus  as  well  as  initiation  of  the  soot  formation  studies.  The  following  tasks  have  been 
accomplished: 

(1)  The  atmospheric  diffusion  flame  facility  has  been  completed  and  tested. 

(2)  The  high  pressure  flame  facility  has  been  designed  and  constructed  and  is  presently  being 
tested. 

(3)  The  laser  light  scattering  apparatus  has  been  assembled  and  tested. 

(4)  A  series  of  baseline  studies  have  been  completed  for  methane  and  ethene  atmospheric 
diffusion  flames.  The  results  of  the  ethene  flames  have  been  compared  to  previous 
studies  to  assure  that  proper  operation  of  the  experimental  facilities  has  been  achieved. 
These  flames  have  also  been  used  as  baseline  comparison  flames  for  a  series  of  fuel 
addition  studies. 


(5)  Fuel  addition  studies  have  been  undertaken  for  methane,  ethene,  propene,  butane,  butene 
and  butadiene  fuel  species.  These  studies  have  been  used  to  examine  the  degree  of 
conversion  of  fuel  carbon  to  soot  as  a  function  of  fuel  flow  rate  and  molecular  structure. 
Additionally,  comparisons  between  the  methane  and  ethene  baseline  flames  have  provided 
a  basis  for  examining  potential  synergism  between  the  baseline  fuel  and  the  fuel  species 
added  to  the  flame. 

(6)  Previously  completed  studies  of  ethene,  propene,  butene  and  toluene  fuel  addition  studies 
have  been  further  analyzed.  Specific  attention  has  been  given  to  fuel  structure  effects 
on  the  surface  growth  process.  These  results  indicate  that  the  specific  surface  growth 
rate  coefficients  are  similar  in  magnitude  for  all  the  fuels  studied,  even  though  the 
available  surface  area  varies  strongly  with  fuel  species.  The  magnitude  of  the  specific 
surface  growth  rate  coefficient  is  comparable  to  that  observed  in  premixed  flames. 

In  the  sections  which  follow,  these  results  will  be  discussed  in  detail.  Based  on  this  current 
status,  implications  for  future  work  will  be  examined. 

3.1  Atmospheric  Diffusion  Flame  Facility 

The  atmospheric  diffusion  flame  facility  was  completed  during  the  first  quarter  of  the 
year  along  with  the  basic  laser  light  scattering  apparatus.  This  facility  is  the  major 
experimental  apparatus  used  for  the  experiments  conducted  this  year  and  a  brief  description  of 
the  burner  facility  follows. 

The  atmospheric  diffusion  flame  facility  consists  of  coannular  diffusion  flame  burner, 
burner  chimney,  positioning  system  and  gas  metering  system.  The  burner  has  a  coannular 
configuration  consisting  of  a  1.1  cm  fuel  tube  surrounded  by  a  10  cm  air  annulus.  The  air 
passage  is  partially  filled  with  glass  beads  followed  by  a  series  of  fine  screens  to  provide  flow 
conditioning.  A  ceramic  honeycomb  2.54  cm  in  thickness  is  used  at  the  exit  to  provide  a 
uniform  flow  field.  The  fuel  tube  which  extends  4.8  mm  above  the  ceramic  honeycomb  also  is 
partly  filled  with  glass  beads  to  condition  the  flow.  The  fuel  flow  can  consist  of  up  to  three 
gases,  each  metered  with  a  separate  rotameter.  This  allows  for  mixtures  of  fuels  as  well  as 
nitrogen  dilution  of  the  fuel  for  temperature  control.  These  rotameters  have  been  calibrated 
for  various  gases  using  a  soap  bubble  meter  technique.  The  air  flow  is  metered  using  a  mass 
flowmeter  which  can  monitor  flows  up  to  5  SCFM  of  air.  To  protect  the  flame  from  room 
disturbances,  a  metal  chimney  has  been  incorporated  into  the  burner  facility.  This  chimney 
translates  horizontally  with  the  burner  while  sliding  vertically  within  the  chimney.  Slots 
machined  in  the  chimney  provide  for  optical  access. 

The  burner  is  mounted  on  a  pair  of  motorized  translating  stages  which  provide  for 
vertical  and  horizontal  motion.  A  manual  translation  stage  is  also  included  to  allow  for 
adjustment  in  the  second  horizontal  direction  and  is  used  to  align  the  burner  with  the  laser 
scattering  system.  The  motorized  stages  are  used  to  traverse  the  burner  through  the  laser 
beam  to  obtain  measurements  over  the  cross  section  of  the  flame  at  a  particular  height  in  the 
flame.  The  motorized  translation  stages  have  a  positioning  resolution  of  0.0127  mm  which  is 
sufficient  for  the  present  experiments.  Both  motorized  stages  are  interfaced  to  and  controlled 
by  an  IBM-XT  computer  using  the  general  purpose  interface  bus  (GPIB-IEEE  488).  The 
software  to  control  the  translation  stages  is  incorporated  into  the  data  acquisition  program  for 
the  laser  scattering  measurements. 

3.2  High  Pressure  Diffusion  Flame  Facility 

In  order  to  provide  for  studies  at  elevated  pressure,  a  high  pressure  diffusion  flame 
facility  has  been  designed  and  constructed.  This  facility  is  composed  of  a  coannular  burner. 


pressure  vessel,  positioning  system  and  gas  metering  apparatus.  The  design  chosen  provides 
for  a  significant  degree  of  similarity  between  the  atmospheric  and  high  pressure  diffusion 
flame  burners.  In  the  present  system,  a  burner  identical  to  that  previously  described  in 
section  3.1  has  been  constructed.  This  burner  is  mounted  inside  a  high  pressure  vessel 
capable  of  withstanding  the  required  operating  pressures.  Before  describing  this  pressure 
vessel,  the  positioning  system  for  the  burner  will  be  described. 

Because  of  the  mass  of  the  pressure  vessel,  the  approach  chosen  for  the  atmospheric 
system  of  vertically  translating  the  entire  burner  and  pressure  vessel  is  not  feasible.  Rather 
the  burner  is  mounted  on  a  motorized  translation  stage  located  internal  to  the  pressure  vessel. 
Electrical  connections  are  made  through  the  base  of  the  pressure  vessel  allowing  external 
control  of  the  burner’s  vertical  position.  To  provide  horizontal  movement,  the  base  of  the 
pressure  vessel  is  attached  to  a  precision  ball  bearing  stage  which  requires  only  a  few  pounds 
of  force  to  move  horizontally  with  weights  as  large  as  1500  pounds  attached.  Thus,  a 
relatively  small  motorized  translation  stage  can  be  used  to  provide  horizontal  movement.  As 
with  the  atmospheric  burner,  these  motorized  stages  are  capable  of  computer  control  using  the 
laboratory  IBM-XT  personal  computer.  The  only  disadvantage  with  its  approach  is  that 
sufficient  space  must  be  provided  within  the  pressure  vessel  to  house  the  vertical  motion 
assembly  and  the  flexible  gas  supply  lines  for  the  burner. 

To  accommodate  this  approach,  the  pressure  vessel  has  been  constructed  as  two  separate 
sections.  A  drawing  of  the  lower  section  is  shown  in  figure  1.  This  section  is  constructed  of 
8  inch  diameter  schedule  40  carbon  steel  seamless  pipe  which  is  24  inches  in  length.  A  2  inch 
diameter  schedule  40  carbon  steel  pipe  is  mounted  and  welded  to  this  section  to  mount  a 
diaphragm  burst  disc  assembly.  The  burst  disc  is  one  of  several  safety  features  incorporated 
into  the  design  of  the  burner.  The  vertical  translating  mechanism  is  mounted  to  the  base  of 
this  lower  section  which  is  constructed  of  an  8  inch  (300  lb  class)  blind  flange.  In  addition 
to  the  electrical  connection  for  the  motorized  translation  stage,  provisions  for  connection  of 
fuel  and  air  lines  are  also  made  through  this  flange.  Internal  connections  to  the  diffusion 
flame  burner  can  be  made  with  low  pressure  tygon  tubing  since  no  pressure  difference  exists 
across  the  tubing  wall  inside  the  pressure  vessel.  With  the  upper  section  removed,  access  to 
the  burner  is  easily  afforded. 

The  upper  section  of  the  pressure  vessel  is  shown  in  figure  2.  This  section  which 
provides  for  optical  access  to  the  flame  region,  is  30  inches  in  length  and  is  constructed  from 
schedule  XX  6  inch  diameter  carbon  steel  pipe.  The  wall  thickness  afforded  by  schedule  XX 
pipe  (0.864  inches)  is  required  because  of  the  four  large  diameter  windows  mounted  into  this 
section.  These  windows  are  two  inches  in  diameter  and  1/2  inch  thick.  These  large  diameter 
windows  allow  sufficient  optical  access  for  both  the  laser  light  scattering  and  the  laser 
velocimetry  measurements.  In  addition  to  the  windows,  access  has  been  provided  to  allow 
igniting  the  flame  through  a  1/2  inch  NPT  hole  in  the  bottom  of  this  section.  Near  the  top, 
1/4  inch  NPT  holes  are  provided  to  monitor  the  temperature  and  pressure. 

The  operating  pressure  in  the  burner  is  adjusted  presently  using  manual  valves  located  in 
the  exhaust  line  of  the  burner.  Connection  to  this  exhaust  system  is  made  through  a  second 
blind  flange  to  which  a  2  inch  diameter  exhaust  line  has  been  connected.  Presently 
consideration  is  being  given  to  replacing  this  manual  system  with  a  back  pressure  regulator 
which  allows  for  better  pressure  control.  At  this  time,  no  cooling  is  required  for  the  burner 
or  exhaust  section.  Temperature  measurements  indicate  that  for  conditions  typical  for  the 
present  experiments,  the  burner  does  not  heat  up  significantly. 

Control  and  measurement  of  the  fuel  and  air  flow  rates  is  accomplished  using  mass  flow 
meters  and  controllers.  These  meters  are  insensitive  to  the  operating  pressure  and  thus  can 
be  calibrated  at  atmospheric  pressure  while  providing  accurate  metering  at  elevated  pressure. 
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Figure  1 

Drawing  of  the  lower  section  of  the  high  pressure  burner. 
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The  fuel  metering  system  allows  up  to  three  gases  to  be  mixed  using  independent  mass  flow 
controllers.  These  controllers  maintain  a  constant  mass  flow  independent  of  the  pressure  drop 
across  the  meter.  This  assures  a  constant  mass  flow  rate  of  fuel  as  well  as  a  convenient 
start-up  capability.  Otherwise,  the  fuel  flow  rate  would  decrease  as  the  operating  pressure 
was  increased,  requiring  continual  readjustment.  Because  of  the  relatively  large  air  flow  rate 
required,  a  mass  controller  approach  is  not  feasible  for  the  air  metering.  The  air  flow  rate  is 
monitored  by  a  mass  flowmeter  which  will  require  adjustment  as  the  operating  pressure  is 
varied. 


The  high  pressure  burner  facility  has  been  statically  tested  to  400  psig.  The  present 
laboratory  air  supply  facilities  are  capable  of  operation  to  300  psig.  The  burner  is  presently 
being  tested  under  atmospheric  conditions  while  final  installation  of  the  burner  is  being 
completed.  Figures  3  and  4  show  recent  photographs  of  the  high  pressure  diffusion  flame 
burner.  The  first  experiments  will  involve  high  pressure  flame  studies  using  ethene  and 
methane  as  fuel.  These  studies  will  provide  the  baseline  studies  for  the  fuel  addition  studies, 
similar  to  the  atmospheric  studies  described  in  sections  3.5  and  3.6. 

3.3  Laser  Light  Scattering  Apparatus 

The  laser  light  scattering  apparatus,  utilizing  a  4W  argon  ion  laser  as  the  light  source, 
provides  for  particle  extinction  and  scattering  measurements.  Scattering  measurements  are 
presently  made  primarily  at  90°  although  the  system  can  be  used  to  obtain  measurements  at 
45°  and  135°.  The  laser  source  is  modulated  using  a  mechanical  chopper  operating  at  1  kHz 
to  allow  for  synchronous  detection  of  the  transmitted  and  scattered  light  signals.  A 
polarization  rotator  is  also  incorporated  in  the  system  to  allow  adjustment  of  the  polarization 
of  the  incident  light  beam.  The  laser  beam  is  focused  in  the  burner  using  a  30  cm  focal 
length  lens  which  results  in  a  probe  beam  diameter  of  0.02  cm.  Typically  the  laser  is 
operated  at  the  514.5  nm  laser  line  with  an  output  power  of  about  0.5 W. 


The  transmitted  light  signal  is  detected  using  a  silicon  photodiode.  The  laser  light 
intensity  is  reduced  by  a  neutral  density  filter  (N.D.  2.0)  to  a  level  suitable  for  linear 
photodiode  response.  The  scattered  light  is  detected  using  a  photomultiplier  detector  (PMT). 
The  PMT  has  a  narrowband  filter  center  at  514.5  nm  with  a  1  nm  bandwidth  incorporated  in 
the  PMT  housing  to  help  reject  light  other  than  that  generated  from  the  particle  scattering 
event.  A  pinhole  with  a  diameter  of  1  mm  located  in  front  on  this  filter  limits  the 
measurement  volume  length  along  the  beam  to  0.1  cm.  The  15  cm  focal  length  collection  lens 
used  to  focus  the  scattered  light  onto  the  PMT,  is  arranged  to  provide  unity  magnification. 
Thus,  the  collection  volume  is  a  cylinder  approximately  0.02  cm  in  diameter  and  .1  cm  in 
length  resulting  in  a  volume  of  3.1  x  10"^  cm?.  The  collection  lens  is  preceded  by  a 
polarization  filter  to  allow  polarization  discrimination  for  the  scattered  light  detected.  The 
collection  solid  angle  is  determined  by  a  1.27  cm  aperture  which  is  located  between  the 
polarization  filter  and  the  collection  lens.  This  aperture  limits  to  the  collection  angle  to 
approximately  2°. 


The  output  from  each  of  the  detectors  is  input  into  separate  two  phase  lock-in  amplifiers 
which  are  interfaced  to  the  IBM-XT  computer  over  the  GPIB  bus.  These  units  are  capable  of 
full  computer  control  which  allows  for  autoranging  of  the  lock-in  amplifiers.  Computer 
software  to  control  the  lock-in  amplifiers  has  been  integrated  with  the  stepper  motor  control 
programs  to  provide  a  complete  data  acquisition  routine.  These  procedures  provide  a  high 
degree  of  user  independent  data  acquisition. 


Data  taken  from  the  lock-in  amplifiers  is  stored  on  the  IBM-XT  internal  disk.  The  light 
scattering  measurements  require  extensive  data  reduction  to  yield  particle  size  information. 
Such  calculations  are  performed  more  expeditiously  on  computers  more  capable  than  the 
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laboratory  computer  used  for  the  data  acquisition.  Thus,  the  IBM-XT  is  linked  over  the 
Mechanical  Engineering  Department’s  network  to  the  University’s  VAX  computer  facilities. 
This  allows  for  rapid  data  analysis  and  graphical  output.  The  necessary  data  reduction  and 
plotting  software  have  been  developed  for  this  facility.  In  addition,  the  latest  version  of  the 
NASA  Equilibrium  code  has  also  been  implemented  on  the  VAX  computer.  The  equilibrium 
program  is  used  to  calculate  the  adiabatic  flame  temperature  for  the  diffusion  flame  studies. 

The  scattered  light  detection  system  is  calibrated  to  account  for  effects  of  the  incident 
laser  power,  sample  volume,  light  collection  efficiency,  photomultiplier  sensitivity  and 
electronic  gain  of  the  system.  The  calibration  is  accomplished  by  passing  ethene,  a  gas  with  a 
known  Rayleigh  scattering  cross  section,  through  the  fuel  passage  of  the  burner  and  measuring 
the  resulting  scattered  light.  This  procedure  allows  for  an  absolute  determination  of  the 
differential  scattering  cross  section  per  unit  volume,  Q(0),  which  is  the  power  scattered  in  the 
direction  6  per  unit  incident  flux.  For  these  calibrations  the  incident  laser  beam  is  vertically 
polarized  and  6  is  usually  90°. 

The  laser  light  scattering  and  extinction  apparatus  provides  the  particle  measurement 
capability  for  the  present  studies.  Analysis  of  the  scattering  measurements  is  based  on  a  MIE 
theory  approach  for  spherical  particles.  For  completeness,  a  brief  review  of  the  theoretical 
basis  for  this  analysis  is  presented.  The  present  data  reduction  programs  mentioned  earlier 
incorporate  the  approach  described  below  to  obtain  particle  size  and  concentration  information. 

In  general,  the  interaction  of  a  particle  and  light  wave  is  dependent  on: 

1.  index  of  refraction  of  the  particle,  m 

2.  particle  size,  D 

3.  particle  number  density,  N 

4.  particle  size  distribution,  P(D) 

5.  particle  shape 

6.  wavelength  of  the  scattered  light 

7.  scattering  geometry 

Obviously,  measurement  of  any  one  of  the  above  requires  knowledge  of  all  of  the  other 
variables.  In  a  typical  combustion  measurement  of  soot  particles,  only  the  scattering  geometry 
and  the  wavelength  of  the  light  can  be  specified  beforehand.  The  remaining  unknowns  are 
determined  by  an  appropriate  combination  of  measurements  to  reduce  the  number  of  free 
parameters  along  with  some  reasonable  assumptions.  It  is  these  assumptions  which  can  result 
in  inaccuracies  and  therefore  must  be  considered  carefully. 

Combinations  of  scattering  measurements  utilizing  the  angular  and  polarization 
dependencies  of  the  scattering  process,  or  scattering  and  absorption  measurements,  have  been 
used  to  determine  particle  number  density  and  size  [3-5].  In  such  an  approach,  the  index  of 
refraction  is  taken  to  be  known,  the  particles  are  assumed  to  be  spherical  and  a  size 
distribution  is  assumed  (e.g.,  log-normal). 

The  determination  of  particle  size  and  number  concentration  from  light  scattering  data 
depends  primarily  on  our  capability  to  relate  the  measurement  of  scattered  and  absorbed  light 
intensity  to  the  particle  properties.  Appropriate  theories  have  been  developed  for  spherical 


particles  and  have  been  widely  applied  for  aerosol  measurements.  The  particle  properties  of 
interest  are  the  differential  scattering  cross  section,  Cy  (5),  for  production  of  scattered  light 
at  a  specified  direction  and  total  cross  section  for  a  specified  particle  size,  Cext.  The 
subscripts  i  and  j  for  the  scattering  cross  section  assume  letters  v  or  h  according  to  whether 
the  state  of  polarization  of  the  scattered  (i)  and  incident  (j)  radiation  is  perpendicular  or 
parallel,  respectively,  to  the  plane  of  observation.  For  spherical  particles  of  isotropic 
material,  only  the  case  of  i  =  j  is  of  interest  because  cross  polarization  effects  are  absent. 

The  relationship  between  these  cross  sections  and  the  experimentally  measured  quantities 
are  expressed  as 
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where  Is,  I  and  I0  are  the  scattered,  transmitted  and  incident  intensities  respectively,  N  is 
number  concentration  of  particles,  D  is  diameter,  m  is  the  refractive  index,  and  G  is  a 
constant  which  involves  factors  related  to  the  sample  volume  and  detection  instrumentation. 

It  should  be  noted  that  the  scattering  cross  section  measurements  given  by  equation  (1)  are 
point  measurements,  while  the  extinction  cross  section  is  an  integrated  quantity  over  the  path 
length  L.  Thus,  to  obtain  local  particle  extinction  values,  a  data  inversion  technique  must  be 
utilized  [10], 


In  an  experiment,  the  quantities  which  are  determined,  once  appropriate  calibration 
factors  have  been  introduced,  are 
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where  Qjj  is  the  volumetric  scattering  cross  section  and  Kext  is  the  extinction  coefficient. 


Several  approaches  can  be  taken  to  determine  the  particle  size  from  the  above  defined 
cross  sections.  Three  are  of  interest  with  respect  to  the  instrumental  set  up  discussed 
previously.  These  are  the  ratio  of  scattering  to  extinction,  Qvv(90o)/K.ext,  the  ratios  of  the 
scattering  signal  at  two  angles  (dissymmetry  ratio)  Qvv(45<,)/Qvv(90,>)  and  Qvv(45<>)/Qvv(1350), 
and  the  polarization  ratio  Qhh(90°)/QVv(90°);  the  scattering  measurement  angle  is  specified  for 
each  quantity.  Each  of  these  ratios  have  a  strong  dependence  on  particle  size  and  represent  a 
redundant  set  of  data  in  terms  of  the  particle  properties  for  particles  in  the  Mie  size  region 
(D  >  A).  For  particles  in  the  Rayleigh  size  region  (D  «  A),  scattering  is  isotropic  so  the 
dissymmetry  ratio  has  a  value  of  unity  and  the  defined  polarization  ratio  approaches  zero. 


Thus,  in  this  small  particle  limit,  only  the  scattering/extinction  ratio  yields  size  information. 
However,  for  soot  formation  processes,  the  rapid  coagulation  and  surface  growth  processes 
lead  quickly  to  particles  in  the  Mie  region.  Nonetheless,  the  scattering  measurement 
capabilities  described  above,  provide  for  the  measurement  of  the  particle  size  throughout  the 
Rayleigh  and  Mie  regimes.  Thus,  processes  from  nucleation  through  particle  growth  and 
eventual  particle  oxidation  are  measurable. 

With  the  particle  size  established,  any  one  of  the  scattering  cross  sections  can  be  used 
to  find  N  or  fv,  the  soot  volume  fraction.  The  soot  volume  fraction,  particle  size  and  number 
density  are  related  by 
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For  a  system  in  which  simultaneous  nucleation,  particle  growth  and  coagulation  are 
present,  a  particle  size  distribution  can  be  assumed  to  exist.  In  this  case,  the  previously 
defined  particle  scattering  cross  sections  must  be  averaged  over  the  size  distribution  function, 
P(D),  to  yield  mean  values, 
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A  widely  used  expression  for  P(D)  is  the  logarithmic  normal  distribution  that  is  given  by 
P(D)  =  exp  (ln  D/Dg)2/2  a g2] 
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where  Dg  and  Og  are  the  geometric  mean  diameter  and  geometric  mean  standard  deviation, 
respectively.  As  is  discussed  in  Ref.  12,  the  introduction  of  particle  size  distribution  affords 
an  opportunity  to  derive  additional  information  by  utilizing  the  previously  redundant 
measurements  of  the  scattering  cross  sections.  These  now  afford  the  possibility  of  learning 
more  about  the  nature  of  the  size  distribution  function  and  agglomerate  particle  properties. 

With  the  burner  facilities  and  particle  diagnostics  completed,  a  series  of  soot  formation 
studies  have  been  undertaken.  The  accomplishments  and  status  of  those  experiments  are 
discussed  in  the  next  three  sections. 

3.4  Atmospheric  Ethene  and  Methane  Flame  Studies 

A  series  of  ethene  and  methane  flames  have  been  studied  to  characterize  their  soot 
particle  fields.  These  experiments  had  two  major  objectives.  The  first  was  to  allow  a 
comparison  between  the  present  measurements  and  previous  results  for  ethene/air  diffusion 
flames  [3].  Such  a  comparison  would  assure  that  the  atmospheric  flame  facility  and  laser  light 
scattering  system  were  operating  properly.  The  second  objective  was  to  provide  a  baseline 
data  set  for  these  fuels  to  be  used  in  the  fuel  addition  studies. 


To  validate  the  operation  of  the  atmospheric  burner  facility  and  laser  light  scattering 
system,  a  well  characterized  ethene/air  diffusion  flame  was  chosen  for  study.  The  flame 
conditions  correspond  to  an  ethene  fuel  flow  rate  of  3.85  cm^/s  and  an  air  flow  rate  of  1.51 
SCFM  (716  cm^/s).  Radial  profiles  of  the  light  extinction  and  scattering  by  soot  particles  in 
the  flame  were  obtained  at  several  axial  locations.  This  data  allow  for  the  determination  of 
the  volume  fraction,  fv,  the  particle  diameter,  Dg3,  and  the  particle  number  concentration,  N. 
Comparisons  between  this  data  and  previously  published  results  showed  good  agreement. 
Figure  5  shows  a  plot  of  the  maximum  value  of  fv  as  a  function  of  the  axial  location  in  the 
flame  compared  to  the  results  reported  in  Ref.  3.  Some  differences  between  the  two 
experiments  are  observed  in  the  region  near  the  maximum  fv  in  the  flame  (z  =  40  mm)  which 
continue  into  the  particle  oxidation  region.  However,  these  differences  are  not  considered 
critical  at  this  time.  Similar  agreement  has  been  observed  for  D53  and  N. 


The  study  of  the  effects  of  fuel  molecular  structure  on  the  formation  of  soot  is  one  of 
the  major  elements  of  the  present  work.  However,  a  difficulty  in  studying  fuel  structure 
effects  has  been  the  wide  differences  in  the  flame  size  and  shape  which  results  when  various 
fuels  are  burned  at,  for  example,  a  characteristic  condition  such  as  the  soot  point.  These 
differences  result  in  important  variations  in  the  temperature  and  velocity  fields  which  make 
quantitative  comparisons  impossible  between  the  flames. 


In  the  present  studies,  this  difficulty  is  addressed  by  adopting  a  fuel  addition  approach 
involving  well  characterized  baseline  flames  in  which  the  soot  particle  field  is  characterized  in 
detail.  The  fuel  molecular  structure  effects  are  then  investigated  by  adding  an  additional  fuel 
component  to  the  baseline  flame.  However,  the  total  carbon  flow  rate  is  kept  constant.  This 
means  that  an  appropriate  fraction  of  the  baseline  fuel  is  replaced  with  the  additive  fuel. 

With  the  soot  contribution  from  the  baseline  fuel  known,  the  effect  of  the  additive  fuel  on 
the  formation  of  soot  particles  can  be  determined.  Under  these  conditions,  the  flame  size  and 
shape  remains  similar  for  all  flames. 


Two  fuels,  methane  and  ethene,  have  been  selected  to  serve  as  the  baseline  flames.  The 
methane  flames  have  relatively  low  soot  particle  formation  and  thus  provide  greater  sensitivity 
for  measuring  changes  introduced  by  varying  the  fuel  molecular  structure.  The  ethene  flames 
represent  the  best  studied  set  of  diffusion  flames  presently  available  and  provide  a  significant 
comparative  data  base.  Comparisons  between  the  two  baseline  systems  will  also  provide  a 
basis  for  examining  potential  synergistic  effects  between  the  fuel  addition  species  and  the 
baseline  fuel.  Four  flames  have  been  studied  for  the  two  fuels.  The  flow  conditions  for  the 
flames  are  shown  in  Table  1.  In  order  to  illustrate  the  differences  between  the  two  baseline 
flames,  a  plot  of  the  integrated  soot  volume  fraction,  Fv,  is  shown  in  figure  6  for  three  of 
the  baseline  flames.  The  value  of  Fv,  which  is  a  measure  of  the  total  amount  of  soot  formed 
in  the  flame,  is  given  by 
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where  R  is  the  radius  of  soot  particle  field.  Tn  figure  6,  Fv  is  plotted  versus  a  non- 
dimensional  height,  rj,  which  is  related  to  axial  location  z  by 
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where  D  is  the  diffusion  coefficient  of  the  fuel  and  V  is  the  volumetric  flow  rate  of  the  fuel. 
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Figure  6 


Comparisons  of  the  integrated  soot  volume  fraction,  Fv,  as  a  function  of  the  non-dimensional 
height.  Triangles  -  C2H4  *  3.85  cm^/s;  circles  -  CH4  =*  7.70  cm^/s  +  C2H4  =  1.05  cm^/s; 
squares  -  CH 4  »  9.8  cm’/s;  diamonds  -  CH4  *  7.70  cm^/s. 


Table  1 


Flow  conditions  for  the  baseline  flame  studies 


Fuel 

Fuel  Flow  Rate 
(cm^/s) 

Air  Flow  Rate 
(SCFM) 

c2h4 

3.85 

1.5 

c2h4 

4.90 

2.75 

ch4 

7.7 

2.75 

ch4 

9.8 

2.75 

The  significantly  lower  soot  formation  character  of  the  methane  flames  as  compared  to  the 


ethene  flame  is  clear.  To  illustrate  the  sensitivity  of  the  methane  baseline  flame  to  the 
addition  of  a  different  fuel  species,  the  results  of  a  flame  burning  a  mixture  of  methane  and 
ethene  is  also  shown  in  figure  6.  The  soot  particle  field  measurements  made  for  these 
baseline  flames  will  be  utilized  in  the  fuel  addition  studies.  The  present  status  of  those 
studies  is  discussed  in  the  next  section. 

3.5  Fuel  Addition  Studies 

With  the  baseline  flame  studies  completed,  the  effects  of  fuel  molecular  structure  on  the 
soot  formation  process  has  been  initiated.  Experiments  have  emphasized  the  methane  baseline 
flames  to  date.  Table  2  summarizes  the  flame  conditions  which  have  been  studied.  Previously, 
results  have  been  reported  for  various  fuels  added  to  an  ethene  diffusion  [13]  which  serve  as 
additional  data  for  the  present  studies.  The  experiments  involving  the  fuel  addition  to 
methane  and  ethene  flames  have  been  selected  to  examine  three  effects.  Specifically,  the 
experiments  are  intended: 

(1)  To  systematically  examine  the  conversion  of  fuel  carbon  to  soot  as  function  of  fuel 
flow  rate.  The  experiments  in  which  ethene  or  butene  are  added  to  the  methane 
flame  address  this  point. 

(2)  To  investigate  the  relative  effects  of  changing  the  fuel  structure  in  a  series  of 
fuels  which  involve  an  alkane,  alkene,  and  alkyne  species.  The  experiments  in 
which  butane,  butene  and  butadiene  are  added  to  the  flame  address  this  point. 

(3)  To  compare  the  effects  of  the  baseline  fuel  on  the  conversion  of  fuel  carbon  to 
soot  for  the  fuel  addition  approach.  Experiments  in  which  ethene  and  butene  have 
been  added  to  both  baseline  flames  have  been  utilized  for  this  comparison. 


Table  2 


Flow  conditions  for  the  fuel  addition  studies 


ine  Fuel 

Flow  Rate 
(cm^/s) 

Fuel  Added 

Flow  Rate 
(cm^/s) 

Air  Flow  Rate 
SCFM 

ch4 

8.75 

c2h4 

0.525 

2.75 

ch4 

7.7 

c2h4 

1.05 

2.75 

ch4 

5.6 

c2h4 

2.10 

2.75 

ch4 

5.6 

c4h8 

1.05 

2.75 

ch4 

5.6 

c4h8 

0.872 

2.75 

ch4 

7.7 

c4h8 

0.525 

2.75 

ch4 

5.6 

C4H10 

1.05 

2.75 

ch4 

5.6 

c4H6 

1.05 

2.75 

The  analysis  which  is  presented  below  represents  an  initial  approach  to  these  studies.  It  . 
focuses  on  the  carbon  conversion  percentage  for  each  of  the  flames  based  on  the  amount  of 
fuel  added  to  the  baseline  flame.  The  contribution  of  the  baseline  flame  is  subtracted  from 
the  soot  present  in  the  flame  based  on  the  studies  of  the  atmospheric  ethene  and  methane 
flames  described  in  section  3.4.  The  carbon  conversion  percentage  is  calculated  for  the  axial 
location  displaying  the  maximum  value  of  Fv,  the  integrated  soot  volume  fraction.  The  carbon 
conversion  percentage  can  be  expressed  as 

%  conversion  =  ^s  ^  x  100  =  °ls  ~  x  100 
mc  *  mB  madd 

where  ms  is  the  soot  mass  flow  rate  at  the  location  of  maximum  Fv  for  the  flame  containing 
the  fuel  addition,  mc  is  the  mass  flow  rate  of  carbon  entering  the  burner,  mg  is  the  mass 
flow  rate  of  carbon  contained  as  baseline  fuel  and  riladd  is  the  mass  flow  rate  of  carbon 
corresponding  to  the  fuel  species  added  to  the  flame.  The  determination  of  the  soot  mass 
flow  rate  at  a  particular  height  in  the  flame  can  be  calculated  from: 


ms  (zm)  =  2 irp  f  v(r,  zm)  fv(r,  zm)  rdr 
0 

where  zm  is  the  axial  location  where  Fv  is  a  maximum,  p  is  the  density  of  soot  and  v  is  the 
velocity.  Thus,  the  velocity  profile  must  be  known  to  precisely  calculate  the  value  of  ms. 

For  the  present  analysis,  the  velocity  has  been  assumed  to  be  independent  of  r  with  a  value 
for  axial  location  zm  taken  from  Ref.  14.  This  is  a  reasonable  assumption  for  the  locations 
for  which  Fv  is  observed  to  be  a  maximum  [14],  With  this  assumption  ms  can  be  expressed  as 


m- 


where  p  is  taken  to  be  1.8  gm/cnA  Tables  3-5  tabulate  the  results  of  this  analysis  for 
several  of  the  flames  studied.  Included  along  with  the  percent  conversion  result  is  the 
calculated  adiabatic  flame  temperature  for  each  flame.  Each  of  the  tables  addresses  one  of 
the  effects  described  at  the  beginning  of  this  section. 

Table  3 


Flow  conditions  for  the  studies  of  the  fuel  flow  rate  effects 


Baseline  Fuel 

Flow  Rate 
(cm^/s) 

Fuel  Added 

Flow  Rate 
(cm^/s) 

%  Conversion* 

Tad 

(K) 

ch4 

8.75 

c2h4 

0.525 

21.5 

2239 

ch4 

7.70 

c2h4 

1.05 

19.0 

2252 

ch4 

5.60 

c2h4 

2.10 

16.2 

2280 

ch4 

7.70 

c4h8 

0.525 

36.6 

2242 

ch4 

5.60 

c2h8 

0.872 

33.3 

— 

ch4 

5.60 

c4h6 

1.05 

35.1 

2260 

*  p  =  1.8  gm/cm^ 


In  the  fuel  addition  approach,  a  fraction  of  the  baseline  is  replaced  with  the  fuel  species 
of  interest  subject  to  the  constraint  that  the  total  flow  rate  of  carbon  into  the  flame  is 
maintained  constant.  It  is  of  interest  to  ascertain  if  the  percentage  of  fuel  carbon  converted 
to  soot  is  dependent  on  the  amount  of  the  baseline  fuel  replaced.  The  results  tabulated  in 
Table  3  for  a  methane  baseline  flame  in  which  ethene  or  butene  were  introduced  provide 
information  on  this  point.  For  the  ethene  fuel  addition  case,  the  ethene  flow  rate  was  varied 
by  a  factor  4,  whereas  for  the  butene  case  the  flow  rate  was  changed  by  a  factor  of  2.  In 
the  case  of  the  butene  studies,  the  percent  conversion  remained  relatively  constant.  For  the 
ethene  case,  a  small  systematic  decrease  in  the  conversion  percentage  of  fuel  carbon  to  soot 
is  observed  with  increasing  ethene  flow  rate.  Consideration  of  the  variation  in  the  calculated 
adiabatic  flame  temperature  (Tacj)  does  not  explain  the  observed  results  since  a  decrease  in 
the  conversion  percentage  is  opposite  to  the  current  view  of  the  effect  of  temperature  on 
soot  production.  It  is  conceivable  that  the  observed  variation  in  the  conversion  percentage  is 
within  the  experimental  error.  A  careful  consideration  of  potential  sources  of  error  will  be 
carried  out  to  better  resolve  this  question.  At  present,  the  data  supports  the  conclusion  that 
the  conversion  percentage  is  only  weakly  dependent  on  the  fuel  addition  flow  rate.  The 
differences  observed  between  species  with  different  fuel  molecular  structure  is  significantly 
greater  than  the  observed  variations  with 


Table  4 

Flow  conditions  for  the  butane,  butene,  and  butadiene  addition  studies 


Baseline  Fuel 

Flow  Rate 
(cm^/s) 

Fuel  Added 

Flow  Rate 
(cm^/s) 

%  Conversion* 

Tad 

(K) 

ch4 

5.6 

C4Hjo 

1.05 

12.2 

2243 

ch4 

5.6 

c4h8 

1.05 

35.1 

2259 

ch4 

5.6 

c4h6 

1.05 

44.4 

2285 

*  p  *  1.8  gm/cm^ 


respect  to  flow  rate.  This  provides  an  experimental  justification  to  extend  the  results  of 
these  studies  to  more  general  fuel  mixture  conditions. 

To  specifically  examine  the  effect  of  fuel  molecular  structure  on  the  soot  formation 
process,  a  series  of  flames  are  being  examined  involving  C4  species.  The  flames  studied 
involved  additions  of  butane,  1-butene  and  1,3-butadiene  to  a  methane  baseline  flame.  In  this 
series  the  fuel  structure  is  varied  in  terms  of  the  arrangement  of  carbon  bonds  (single  bonds 
and  double  bonds)  resulting,  of  course,  in  a  variation  of  the  carbon  to  hydrogen  ratio.  Table 
4  tabulates  the  results  of  these  experiments  in  terms  of  conversion  percentage  of  fuel  carbon 
to  soot.  Figure  7  shows  the  integrated  soot  volume  fraction,  Fv,  as  a  function  of  the  axial 
coordinate,  z.  These  results  represent  the  most  recent  work  undertaken  and,  thus,  the  present 
analysis  is  preliminary  in  nature. 

Clearly,  the  results  in  Table  4  and  figure  7  indicate  a  strong  fuel  structure  effect  with 
the  conversion  percentage  more  than  tripling.  In  addition,  there  is  a  systematic  decrease  in 
the  axial  position  where  soot  is  first  observed  as  the  more  sooty  fuels  are  considered.  This 
indicates  that  the  reactions  leading  to  the  first  soot  particles  occur  more  rapidly  in  these 
flames.  More  detailed  comparisons  utilizing  the  velocity  and  temperature  fields  should  offer 
the  potential  for  comparing  the  overall  chemical  kinetic  rate  information  for  the  governing 
pyrolysis  or  oxidative  pyrolysis  mechanisms  which  have  been  established  for  these  fuels. 

These  velocity  and  temperature  measurements  are  planned  during  the  next  phase  of  the 
project.  Comparisons  are  also  possible  between  the  methane  and  ethene  baseline  flames  to 
investigate  the  importance  of  the  C/H  ratio  which  will  vary  strongly  between  the  two  flame 
systems.  To  date,  the  experiments  undertaken  have  not  attempted  to  control  temperature 
which  has  been  shown  to  be  an  important  parameter  in  the  soot  formation  process  [6].  An 
advantage  of  the  fuel  addition  approach  lies  in  the  fact  that  changes  in  the  flame 
temperatures  between  different  flames  are  often  small.  However,  there  are  cases  where  the 
temperature  variation  is  significant  enough  to  be  important.  As  stated  above,  these  studies 
have  not  yet  been  fully  analyzed  and  some  addition  measurements  are  required  before  detailed 
mechanistic  information  will  be  forthcoming.  However,  the  present  results  do  demonstrate  the 
fuel  addition  approach  does  allow  investigation  of  fuel  molecular  effects  under  comparable 
flame  conditions.  This  data  provides  unique  information  on  the  fundamental  mechanisms  which 
control  the  formation  of  soot  particles  in  flames. 

The  discussion  above  has  focused  on  the  effects  of  fuel  molecular  structure  and  flow  rate. 
An  additional  important  consideration  is  the  importance  of  the  baseline  fuel  which  is  used.  To 
examine  this  point,  two  fuel  addition  studies  involving  ethene  and  butene  were  compared  in 
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Figure  7 


Comparison  of  the  integrated  soot  volume  fraction,  Fv,  for  the  butane,  1 -butene  and  1,3- 
butadiene  fuel  addition  studies.  The  baseline  flame  had  a  methane  flow  rate  of  5.6  cm’/s  and 
a  fuel  addition  flow  rate  of  1.05  cm^/s. 


which  the  baseline  fuels  were  varied  using  methane  and  ethene.  The  results  of  these  studies 
in  terms  of  conversion  percentage  are  tabulated  in  Table  5. 


Table  5 

Flow  conditions  for  flame  studies  of  baseline  fuel  synergism 


Baseline  Fuel 

Flow  Rate 
(cm3/s) 

Fuel  Added 

Flow  Rate 
(cm3/s) 

%  Conversion* 

^ad 

(K) 

ch4 

7.7 

C2H4 

1.05 

19.0 

2252 

ch4 

7.7 

c4h8 

0.525 

36.6 

2242 

c2h4 

3.85 

c2h4 

1.05 

16.2 

2369 

c2h4 

3.85 

c4h8 

0.525 

46.8 

2359 

*p  =  1.8  gm/cm3 


These  results,  as  with  the  flow  rate  results  previously  discussed  (see  Table  3),  do  show 
some  sensitivity  to  a  variation  in  the  flame  conditions.  However,  again,  the  differences  are 
significantly  smaller  than  the  variation  resulting  from  the  fuel  structure  variation.  For  the 
experiments  shown  in  Table  5,  the  soot  conversion  percentage  approximately  doubles  for  the 
change  in  fuel  species.  However,  differences  in  the  results  for  the  various  baseline  flames  for 
a  particular  fuel  (ethene  or  butene)  is  typically  20-25%.  It  is  also  worth  mentioning  that  the 
calculated  flame  temperatures  vary  by  about  100K  for  the  fuels  studied.  Thus,  some  of  the 
variation  may  be  a  result  of  the  temperature  difference.  The  comparison  between  the  ethene 
and  butene  results  may  indicate  different  temperature  sensitivities  since  the  observed  effects 
of  the  baseline  flame  are  reversed.  This  again  points  out  the  strength  of  the  present 
approach  to  help  isolate  particular  effects. 

The  above  discussion  has  emphasized  the  conversion  percentage  of  fuel  carbon  to  soot 
particles.  This  quantity  is  very  useful  in  illustrating  the  impact  of  the  effect  of  fuel 
molecular  structure  on  soot  formation.  However,  it  represents  a  global  measurement  of  the 
soot  formation  process.  More  fundamentally  significant  results  are  realized  when  the  detailed 
temperature  time  history  characterizing  these  chemically  reacting  systems  are  analyzed.  This 
more  fundamental  analysis  of  the  previously  describe  results  is  one  of  the  objectives  for  the 
current  year  of  the  program.  In  the  next  section  more  detailed  results  are  presented  for  the 
surface  growth  process.  These  results  more  fully  represent  the  fundamental  insights  and 
quantitative  information  which  is  possible  from  studies  of  this  nature. 

3.6  Fuel  Molecular  Structure  Effects  on  Soot  Surface  Growth  Processes 

The  formation  of  soot  particles  is  now  viewed  to  undergo  a  common  sequence  of  events 
which  govern  the  amount  of  soot  formed  and  emitted  from  combustion  systems.  These  include: 
(I)  a  chemical  kinetically  controlled  reaction  sequence  which  results  in  the  formation  of 
precursor  species  needed  to  form  the  first  particles,  (2)  a  particle  inception  stage  which 
results  in  the  formation  of  large  numbers  of  small  primary  particles,  (3)  a  particle  growth 
period  in  which  surface  growth  and  particle  coagulation  processes  contribute  to  the  increase  in 
particle  size  and  (4)  a  stage  in  which  material  is  no  longer  added  to  the  soot  particles  and 
size  is  controlled  by  agglomeration  or  may  even  be  reduced  by  oxidative  attack.  Recent  work 
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in  premixed  flames  has  concentrated  on  more  firmly  establishing  quantitative  measurements  of 
these  processes.  Significant  progress  has  been  made  in  understanding  the  surface  growth  and 
coagulation  processes  which  occur  in  premixed  flames  [15,16],  Results  of  these  and  other 
studies  have  emphasized  the  importance  of  acetylene  (C2H2)  and  the  available  surface  area  in 
the  particle  surface  growth  process.  However,  to  date,  little  information  is  available  on 
similar  processes  in  diffusion  flames. 

To  help  resolve  this  situation,  the  surface  growth  process  for  a  number  of  fuel  species 
has  been  studied  using  the  fuel  addition  approach  described  above.  These  studies  were 
conducted  using  a  well  characterized  ethene/air  diffusion  flame  as  the  baseline  flame. 

Different  fuel  species  were  added  to  the  baseline  fuel  (ethene),  such  that  the  additional 
carbon  flow  rate  is  held  constant.  In  addition,  the  flame  size  and  shape  remains  similar  for 
all  the  flames  studied,  thus  minimizing  changes  in  burner  heat  loss  or  particle  transport  in  the 
flame.  An  ethene  fuel  flow  rate  of  3.85  cc/s  (a  carbon  flow  rate  of  3.78x10“^  g/s)  was 
selected  for  the  baseline  flame  since  this  diffusion  flame  has  been  extensively  studied  [4,14], 

A  second  fuel  was  added  to  the  ethene  flow  to  produce  a  total  carbon  flow  rate  of  4.81  x  10“ 

3  g/s,  an  increase  of  1.03x10"^  g/s  from  the  baseline  case.  Results  obtained  for  ethene, 
propene,  butene,  and  toluene  will  be  discussed.  In  the  case  of  toluene,  the  fuel  was  vaporized 
using  a  technique  similar  to  that  described  by  Gomez,  et  al.  [17].  The  flow  rate  conditions, 
soot  conversion  percentages  and  calculated  adiabatic  temperatures  a*e  shown  in  Table  6. 

Using  the  previously  obtained  detailed  information  on  the  particle  paths  for  the  ethene 
flame,  comparisons  between  the  different  fuel  mixtures  can  be  made.  For  this  comparison  the 
region  of  the  flame  containing  the  maximum  soot  volume  fraction  will  be  examined.  Figure  8 
shows  the  time  evolution  of  the  soot  volume  fraction,  fv,  along  the  particle  path  which 
traverses  the  annular  region  of  the  flame  where  the  maximum  fv  is  observed.  The  fuel 
mixtures  shown  include  three  alkenes  (ethene,  propene  and  butene)  and  an  aromatic  (toluene) 
fuel.  The  calculated  adiabatic  flame  temperatures  for  these  fuel  mixtures  vary  by  less  than 
10K.  Thus,  the  temperature  fields  characterizing  these  flames  should  be  similar  allowing  a 
direct  comparison  between  the  flames. 

The  soot  volume  fraction  is  observed  to  reach  a  maximum  at  a  similar  time  (60  ms)  for 
each  fuel  mixture.  For  the  alkene  fuels,  the  observed  residence  time  at  which  soot  particles 
are  first  observed  and  the  value  of  fv  at  this  time  are  very  similar.  However,  the  different 
alkene  fuels  are  observed  to  have  measurably  different  rates  of  growth  in  terms  of  the  change 
in  fv  with  time.  For  the  toluene  mixture,  although  soot  particles  are  first  observed  at  a 
similar  residence  time  (-21  ms),  the  initial  concentration  is  much  higher.  This  implies  that 
soot  particle  inception  occurred  at  an  earlier  time  or  that  the  inception  process  is  much  more 
vigorous.  The  particle  size  and  number  density  measurements  from  nearby  particle  paths  favor 
an  interpretation  indicating  an  earlier  inception  time.  Thus,  these  results  indicate  that  the 
specific  nature  of  the  fuel  species  is  observed  to  affect  the  initial  particle  formation  process 
as  well  as  the  subsequent  growth  rates. 


In  order  to  examine  the  surface  growth  process  in  more  detail,  figure  9  shows  the 
particle  surface  area  calculated  from  the  particle  diameter  and  number  density  measurements 
for  the  region  along  the  same  particle  path.  For  each  of  the  fuel  mixtures  studied  the 
surface  area  is  observed  to  increase  with  time  and  fuel  mixtures  which  exhibit  larger  soot 
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Figure  8 

Comparison  of  the  soot  volume  fraction  along  the  particle  path  exhibiting 
the  maximum  soot  volume  fraction  for  fuel  mixtures  containing  ethene, 
propene,  butene,  or  toluene. 
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Figure  9 


Soot  particle  surface  area  along  the  particle  path  exhibiting  the  maximum 
soot  volume  fraction  for  fuel  mixtures  containing  ethene  (S  -  4.9  cm^/s 
and  NS  -  3.85  cm^/s  fuel  flowrate),  propene,  butene,  and  toluene. 


Table  6 


Baseline  Fuel  Flow  Rate  Fuel  Added  Flow  Rate  %  Conversion*  Ta(j 

Flow  conditions  for  fuel  addition  studies  in  ethene/air  diffusion  flames 


c2h4 

3.85 

C2H  4 

1.05 

16.2 

2369 

c2h4 

3.85 

c3h6 

0.70 

32.4 

2368 

c2h4 

3.85 

c4h8 

0.525 

46.8 

2359 

c2h4 

3.85 

c7h8 

0.30 

88.2 

2361 

*p  =■  1.8  gm/cm^ 


volume  fractions  also  display  greater  surface  area  available  for  growth.  Harris  and  co-workers 
in  their  studies  of  premixed  ethene  flames  [15,16]  have  described  the  surface  growth  by 


_«kS[C2H2]  (14) 

dt 

where  M  is  the  mass  of  soot  in  g/cm2,  k  is  a  growth  rate  constant  (g/cm2  s  atm),  S  is  the 
surface  area  (cm2)  and  the  last  term  is  the  concentration  of  acetylene  [atm].  In  the  present 
experiments,  measurements  of  the  acetylene  concentration  are  not  available.  However  a 
comparison  of  the  specific  surface  growth  rate  (1/S  dM/dt)  can  be  obtained  and  is  shown  in 
figure  10.  For  these  calculations,  the  density  of  soot  was  chosen  to  be  1.8  g/cm2.  Shown 
also  on  this  figure  are  the  data  for  an  ethene  premixed  flame  studied  by  Harris,  et  al.  with  a 
C/O  ratio  of  0.94.  The  data  of  Harris  et  al.  have  been  offset  15  ms  to  allow  presentation  in 
a  proper  time  frame  for  these  diffusion  flame  studies.  The  resulting  specific  surface  growth 

rates  calculated  in  this  manner  are  very  similar  for  each  of  the  fuel  mixtures  studied  as 
shown  in  figure  10.  Furthermore,  the  comparison  between  the  diffusion  flame  and  premixed 
flame  studies  is  quite  reasonable.  Considering  the  differences  in  the  flame  environments,  this 
agreement  is  very  encouraging  and  indicates  the  surface  growth  processes  in  both  flame 
systems  are  quite  similar.  It  is  also  of  interest  that  for  the  propene,  butene  and  toluene 
mixtures  that  slightly  larger  rate  constants  are  observed  at  the  earliest  times.  These  results 
emphasize  the  need  for  further  study  of  the  particle  inception  process  which  may  well  be 
controlling  the  evolution  of  the  soot  particle  field. 

3.7  Conclusions  and  Future  Work 

The  results  which  have  been  presented  above  demonstrate  the  usefulness  of  the  fuel 
addition  studies  of  molecular  structure  effects.  These  experiments  have  provided  quantitative 
information  on  the  conversion  of  fuel  to  soot  particles  for  a  variety  of  molecular  structures. 
The  conversion  percentage  has  been  shown  to  be  only  weakly  dependent  on  the  fuel  flow  rate 

or  the  baseline  fuel  to  which  the  additions  are  made.  Detailed  studies  of  the  surface  growth 

process  for  soot  particles  in  diffusion  flames  have  revealed  strong  similarities  for  the  fuels 
studied.  This  suggests  a  common  mechanism  for  the  surface  growth  process  which  provides  a 
significant  reduction  in  the  complexity  in  modeling  soot  formation.  The  present  work 
represents  the  first  detailed  measurements  providing  quantitative  information  on  these 

processes  as  a  function  of  fuel  structure. 
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Based  on  these  results,  future  studies  will  concentrate  on  examining  in  a  more  detailed 

manner  the  evolution  of  the  soot  particle  field  in  diffusion  flames.  These  studies  will  focus 
on  the  relationship  between  the  known  kinetic  mechanisms  for  pyrolysis  of  these  fuels  and  the 
sensitivity  of  the  soot  formation  process  to  variations  in  the  fuel  molecular  structure.  This 
comparison  will  require  velocity  and  temperature  measurements  to  complement  the  soot  particle 

measurements.  These  measurements  are  among  the  objectives  for  the  present  year.  As  the 

surface  growth  results  indicate,  the  early  particle  formation  region  is  critical  to  the  evolution 

of  the  soot  particle  field.  Additional  studies  will  emphasize  measurements  in  this  region  as  a 
function  of  fuel  molecular  structure. 

In  addition  to  an  interest  in  the  atmospheric  studies,  the  high  pressure  studies  also  point 
to  several  interesting  features.  Since  the  observed  conversion  percentages  of  fuel  carbon  to 
soot  have  shown  strong  fuel  molecular  structure  sensitivity,  one  may  similarly  expect 
variations  in  the  pressure  sensitivity  as  well.  Since  very  little  research  has  been  directed 
towards  this  topic,  the  present  studies  are  an  important  step  in  providing  a  basis  for 
understanding  the  effects  of  operating  pressure  on  soot  formation. 
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